Cyclooxygenase-2 (COX-2) expression and prostaglandin E2 (PGE2) production have been shown to play key roles in the regulation of ovulation. The TGF-␤ superfamily members are important molecules that regulate many ovarian functions under normal physiological and pathological conditions. TGF-␤1 and its receptors are expressed in human granulosa cells. However, to date, whether TGF-␤1 can regulate COX-2 expression and PGE2 production, which in turn contribute to the process of ovulation, remains unknown.
I
n mammals, the release of the female ovum from the ovary is fundamental to the successful establishment of pregnancy. Ovulation disorder is the most common cause of infertility in women. It has been well characterized that ovulation is triggered by an LH surge, which can regulate expression of numerous ovulation-related genes and induce multiple biochemical and biophysical changes, such as oocyte maturation and cumulus expansion (1, 2) . Cy-clooxygenase (COX) enzyme is the key enzyme that controls the rate-limiting step of prostaglandin synthesis, which has been recognized as a key mediator of ovulation (3) (4) (5) . To date, two COX enzymes with similar activity have been well characterized (4) . COX-1 is recognized as a constitutive enzyme that is required for various homeostatic functions, whereas COX-2 is undetectable in most tissues under normal physiological conditions and can be rapidly induced by various stimuli such as hormones, growth factors, and cytokines (4) . In the ovary, prostaglandins are mainly secreted from granulosa cells. It has been shown that the LH surge rapidly induces expression of COX-2 and its derivative, prostaglandin E2 (PGE2), in granulosa cells (5, 6) . Many animal studies have revealed that exogenous PGE2 treatment reverses the pharmacological inhibition of COX-2-induced ovulation failure (7) (8) (9) (10) . Moreover, gene targeting experiments in mice further confirm the role of COX-2 in ovulation (11) . Mice deficient in COX-1 are fertile. In contrast, COX-2-deficient mice are mostly infertile because of severely impaired ovulation (11) . Overall, these studies strongly indicate that COX-2 and its derivative PGE2 are important mediators of ovulation.
The TGF-␤ superfamily is composed of TGF-␤s, activins/inhibins, bone morphogenetic proteins (BMPs), growth and differentiation factors (GDFs), and other proteins that have been shown to play important roles in the regulation of follicular development (12) . It has been characterized that the spatiotemporal expression patterns of TGF-␤ isoforms and their receptors in the ovary, TGF-␤ type I (T␤RI) and type II (T␤RII) receptors, are species dependent (12) . In humans, the expression of TGF-␤s has been detected in follicular fluid that was obtained from women undergoing in vitro fertilization (IVF) (13, 14) . Immunohistochemical studies on human ovarian tissue indicate that TGF-␤1 is expressed in both the granulosa and theca cells, whereas TGF-␤2 is only localized in the theca cells (15, 16) . Moreover, both T␤RI and T␤RII are expressed in both human granulosa and theca cells (17) . Many animal studies have shown that TGF-␤1 can regulate steroidogenesis, granulosa cell proliferation, and differentiation (12, 18) . However, although the expression of TGF-␤s and TGF-␤ receptors have been identified in the human ovary, to date, only a handful of studies have investigated the functions TGF-␤1 in human granulosa cells. TGF-␤1 treatment of primary cultures of human granulosa cells obtained from women undergoing IVF causes up-regulation of inhibin ␤B subunit mRNA levels but does not affect the mRNA levels of inhibin ␣-and ␤A subunits (19) . Moreover, it has been shown that TGF-␤1 suppresses spontaneous apoptosis in primary cultures of human granulosa cells (20) .
The induction of COX-2 expression and PGE2 production is necessary for successful ovulation. In granulosa cells, it has been shown that COX-2 can be induced by gonadotropins as well as many other factors (2) . In mouse granulosa cells, two oocyte-derived TGF-␤ superfamily members, GDF9 and BMP15, are able to induce COX-2 expression (21, 22) . Furthermore, TGF-␤1 has been shown to induce COX-2 expression in many tumor cells (23, 24) . However, to the best of our knowledge, the effects of TGF-␤1 on human ovulation-related functions are almost completely unknown. In the current study, we aimed to examine the effects of TGF-␤1 on COX-2 expression and PGE2 production in human granulosa cells. Our results indicate that treatment with TGF-␤1 induces COX-2 expression and PGE2 production. The stimulatory effects of TGF-␤1 on COX-2 expression and PGE2 production are abolished by the inhibition of T␤RI. In addition, treatment with TGF-␤1 activates the phosphorylated mothers against decapentaplegic (Smad)-2 and Smad3 signaling pathways. Moreover, knockdown of Smad2, Smad3, and Smad4 attenuates TGF-␤1-induced COX-2 expression and PGE2 production.
Materials and Methods

Cell culture
A nontumorigenic immortalized human granulosa cell line (SVOG) that had been produced by Simian virus 40 large T antigen transfection of early luteal phase of human granulosa cells obtained from women undergoing IVF was used (25) . SVOG cells retain steroidogenic functions such as basal and 8-bromoadenosine-cAMP (8-Br-cAMP)-or human chorionic gonadotropin (hCG)-stimulated progesterone secretion (25) . Cells were grown in DMEM/F12 medium (Sigma-Aldrich) supplemented with 10% charcoal/dextran-treated fetal bovine serum (Hyclone Laboratories Inc). The cultures were maintained at 37°C in a humidified atmosphere of 5% CO 2 in air.
Antibodies and reagents
Polyclonal anti-COX-2 antibody was obtained from Abcam. Polyclonal anti-Smad4, anti-phospho-Smad2, anti-TGF-␤ receptor I, monoclonal anti-Smad2, anti-phospho-Smad3, and antiSmad3 antibodies were obtained from Cell Signaling. Polyclonal antiactin antibody was obtained from Santa Cruz Biotechnology. Horseradish peroxidase-conjugated goat antimouse and goat antirabbit IgG were obtained from Bio-Rad Laboratories. Horseradish peroxidase-conjugated donkey antigoat IgG was obtained from Santa Cruz Biotechnology. Recombinant human TGF-␤1, amphiregulin, betacellulin, and epiregulin were obtained from R&D Systems. LH, 8-Br-cAMP, and SB431542 were obtained from Sigma.
Reverse transcription quantitative real-time PCR (RT-qPCR)
structions. Reverse transcription was performed with 3 g RNA, random primers, and Moloney murine leukemia virus reverse transcriptase (Promega). The primers used for SYBR Green RTqPCR were the following: COX-2, 5Ј-CCC TTG GGT GTC AAA GGT AA-3Ј (sense) and 5Ј-GCC CTC GCT TAT GAT CTG TC-3Ј (antisense); TGF-␤RI, 5Ј-GTT AAG GCC AAA TAT CCC AAA CA-3Ј (sense) and 5Ј-ATA ATT TTA GCC ATT ACT CTC AAG G-3Ј (antisense); Smad2, 5Ј-GCC TTT ACA GCT TCT CTG AAC AA-3Ј (sense) and 5Ј-ATG TGG CAA TCC TTT TCG AT-3Ј (antisense); Smad3, 5Ј-CCC CAG CAC ATA ATA ACT TGG-3Ј (sense) and 5Ј-AGG AGA TGG AGC ACC AGA AG-3Ј (antisense); Smad4, 5Ј-TGG CCC AGG ATC AGT AGG T-3Ј (sense) and 5Ј-CAT CAA CAC CAA TTC CAG CA-3Ј (antisense); and glyceraldehyde-3-phosphate dehydrogenase, 5Ј-GAG TCA ACG GAT TTG GTC GT-3Ј (sense) and 5Ј-GAC AAG CTT CCC GTT CTC AG-3Ј (antisense).
The mRNA levels of TGF-␤1 were examined by TaqMan gene expression assays (Applied Biosystems). RT-qPCR was performed using the Applied Biosystems 7300 real-time PCR system equipped with a 96-well optical reaction plate. The specificity of each assay was validated by melting curve analysis and agarose gel electrophoresis of PCR products. All of the RT-qPCR experiments were run in triplicate, and a mean value was used to determine the mRNA levels. Water and mRNA without reverse transcriptase were used as negative controls. Relative quantification of the mRNA levels was performed using the comparative cycle threshold (Ct) method with glyceraldehyde-3-phosphate dehydrogenase as the reference gene and the formula 2 -⌬⌬Ct . In RT-qPCR, to make the ⌬⌬Ct calculation be valid, the amplification efficiencies of the target and reference must be approximately equal. A sensitive method for assessing if two amplicons have the same efficiency is to look at how ⌬Ct varies with template dilution (26) . Based on the Applied Biosystems real-time PCR systems guideline (part number 4348358), the absolute value of the slope of log input amount vs ⌬Ct should be less than 0.1. All primers used in this study passed the validation test.
Western blotting
Cells were lysed in cell lysis buffer (Cell Signaling). Equal amounts (50 g) of protein were separated by SDS-PAGE and transferred onto polyvinyl difluoride membranes. After 1 hour of blocking with 5% nonfat dry milk in Tris-buffered saline, the membranes were incubated overnight at 4°C with primary antibodies, which were diluted in 5% nonfat milk/Tris-buffered saline. After primary antibody incubation, the membranes were incubated with the appropriate horseradish peroxidase-conjugated secondary antibody. Immunoreactive bands were detected using an enhanced chemiluminescent substrate. Membranes were stripped with stripping buffer (62.5 mM Tris; 10 mM dithiothreitol; 2% sodium dodecyl sulfate, pH 6.7) at 50°C for 30 minutes and reprobed with antiactin as a loading control.
Small interfering RNA (siRNA) transfection
To knock down endogenous T␤RI, Smad2, Smad3, and Smad4, cells were transfected with 50 nM ON-TARGETplus SMARTpool siRNA that targeting specific gene (Dharmacon) using Lipofectamine RNAiMAX (Invitrogen, Life Technologies). The siCONTROL Non-Targeting pool siRNA (Dharmacon) was used as the transfection control. The knockdown efficiency was examined using RT-qPCR or Western blotting.
Prostaglandin E2 ELISA
Cells were cultured in a six-well plate with 2 mL medium. After treatments, the culture media and cell lysates were collected, and the PGE2 levels in the culture media were measured by an ELISA. A human PGE2-specific ELISA kit was used in accordance with the manufacturer's protocol (Cayman Chemical). PGE2 values were represented as picograms per milliliter per microgram total protein.
Statistical analysis
The results are presented as the mean Ϯ SEM of at least three independent experiments. Multiple comparisons were analyzed first by one-way ANOVA followed by Tukey's multiple comparison tests. A significant difference was defined as P Ͻ .05.
Results
TGF-␤1 induces COX-2 expression in human granulosa cells
SVOG cells were established previously by our group by Simian virus 40 large T antigen transfection of human granulosa cells obtained from women undergoing IVF (25) . Depending on the stage of the menstrual cycle during which the human granulosa cells are collected, SVOG cells provide an ideal in vitro model for studying hormonal effects on granulosa cell-mediated ovulation-related functions in human cells. Using SVOG cells, our recent study demonstrates that treatment with epithelial growth factor (EGF)-like growth factors induces COX-2 expression and PGE2 production, which indicates the importance of EGF-like growth factors in human ovulation (27) . In the current study, we continued to use this well-established human granulosa cell model to investigate the effect of TGF-␤1 on COX-2 expression. To examine whether TGF-␤1 can induce COX-2 expression, SVOG cells were treated with 5 ng/mL TGF-␤1 at different time points. As shown in Figure 1A , treatment with TGF-␤1 induced an increase in COX-2 mRNA expression, with the maximal effect observed 3 hours after TGF-␤1 treatment. The induced COX-2 mRNA expression declined after 12 hours of TGF-␤1 treatment. Treatment with 1 ng/mL TGF-␤1 for 3 hours did not induce expression of COX-2 mRNA, whereas treatment with 5 and 10 ng/mL TGF-␤1 for 3 hours exhibited comparable effects on the induction of COX-2 mRNA expression ( Figure 1B) . Western blotting analyses showed that COX-2 protein expression was induced after 3 and 6 hours of TGF-␤1 treatment ( Figure  1C ). Although TGF-␤1 is expressed in human granulosa cells, to the best of our knowledge, whether TGF-␤1 can be regulated by LH remains unknown. Therefore, we tested whether LH treatment could up-regulate TGF-␤1 expression in SVOG cells. As shown in Figure 1D , in doi: 10.1210/jc.2013-4100 jcem.endojournals.org E1219 SVOG cells, treatment with 100 ng/mL LH did not affect TGF-␤1 mRNA expression. Similarly, TGF-␤1 mRNA expression was not affected by treatment with 1 mM 8-BrcAMP ( Figure 1E ).
TGF-␤ receptor is required for TGF-␤1-induced COX-2 expression
TGF-␤1 activates downstream signaling pathways by binding to the transmembrane receptors T␤RI and T␤RII (28) . SB431542 is a potent and specific T␤RI inhibitor (29) . Treatment with SB431542 abolished the TGF-␤1-induced COX-2 mRNA expression (Figure 2A) . Similarly, the induction expression of COX-2 protein was abolished by treatment with SB431542 ( Figure 2B ). To avoid offtarget effects of the pharmacological inhibitor and further confirm the requirement of the TGF-␤ receptor in the TGF-␤1-induced COX-2 expression, T␤RI siRNA was used to knock down endogenous T␤RI expression. As shown in Figure 2C , T␤RI siRNA significantly down-regulated T␤RI mRNA expression in SVOG cells. Moreover, the TGF-␤1-induced COX-2 mRNA expression was abolished by the siRNA-mediated knockdown of T␤RI ( Figure  2C ). Western blotting analyses further confirmed the blocking effect of T␤RI knockdown on TGF-␤1-induced COX-2 protein expression ( Figure 2D ).
TGF-␤1 enhances AREG, BTC, and EREG-induced COX-2 expression in human granulosa cells
Our recent study has shown that treatment with EGFlike growth factors, amphiregulin (AREG), betacellulin (BTC), and epiregulin (EREG) up-regulates COX-2 expression and PGE2 production in SVOG cells (27) . To examine whether TGF-␤1 can affect AREG-, BTC-, and EREG-induced COX-2 expression, cells were treated with 50 ng/mL AREG, BTC, or EREG alone or in combination with 5 ng/mL TGF-␤1. As shown in Figure 3A , similar to our previous study, treatment with AREG, BTC, or EREG induced COX-2 mRNA expression. Interestingly, treatment with TGF-␤1 enhanced AREG-, BTC-, and EREGinduced COX-2 mRNA expression. Western blotting showed the similar results ( Figure 3B ).
Smad signaling is required for TGF-␤1-induced COX-2 expression
Upon TGF-␤1 binding, the activated TGF-␤ receptors induce phosphorylation of the receptor-regulated Smad proteins, Smad2 and Smad3. Phosphorylated Smad2 and Smad3 then bind to the common mediator Smad, Smad4, which translocates to the nucleus to mediate TGF-␤1-regulated gene expression (30) . To examine the involvement of Smad signaling in TGF-␤1-induced COX-2 expression, Figure 1 . TGF-␤1 induces COX-2 expression in SVOG cells. A, SVOG cells were treated with 5 ng/mL TGF-␤1, and the mRNA levels of COX-2 were analyzed at different time points by RT-qPCR. Ctrl, control. B, SVOG cells were treated with 1, 5, and 10 ng/mL TGF-␤1 for 3 hours, and the mRNA levels of COX-2 were examined by RT-qPCR. C, SVOG cells were treated with 5 ng/mL TGF-␤1 for 3 and 6 hours, and the protein levels of COX-2 were examined by Western blotting. D, SVOG cells were treated with 100 ng/mL LH, and the mRNA levels of TGF-␤1 were analyzed at different time points using RT-qPCR. E, SVOG cells were treated with 1 mM 8-Br-cAMP, and the mRNA levels of TGF-␤1 were analyzed at different time points using RT-qPCR. The results are expressed as the means Ϯ SEM of at least three independent experiments. Values without a common letter were significantly different (P Ͻ .05).
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we first tested the effect of TGF-␤1 on the phosphorylation of Smad2 and Smad3 in SVOG cells. Western blotting analyses showed that treatment with 5 ng/mL TGF-␤1 for 10 minutes induced significant phosphorylation of Smad2 and Smad3 ( Figure 4A) . A similar induction of Smad2 and Smad3 phosphorylation was observed 30 and 60 minutes after TGF-␤1 treatment ( Figure 4A ). To examine the requirement of Smad signaling for TGF-␤1-induced COX-2 expression, the siRNA knockdown approach was used to knock down Smad4. As shown in Figure 4B , Smad4 siRNA significantly knocked down the endogenous Smad4 mRNA expression. In addition, the TGF-␤1-induced COX-2 mRNA expression was attenuated by the knockdown of Smad4 ( Figure 4B ). Similarly, Western blotting analyses showed that the knockdown of Smad4 attenuated TGF-␤1-induced COX-2 protein expression in SVOG cells ( Figure 4C ).
Smad2 and Smad3 signaling pathways are required for TGF-␤1-induced COX-2 expression
To further examine the involvement of Smad2 and Smad3 in TGF-␤1-induced COX-2 expression, Smad2 and Smad3 were knocked down by using specific siRNAs. As shown in Figure 5A , the knockdown of Smad2 or Smad3 alone attenuated TGF-␤1-induced COX-2 mRNA expression. In addition, knockdown of Smad2 or Smad3 alone could attenuate TGF-␤1-induced COX-2 protein expression ( Figure 5B ). Knockdown of both Smad2 and Smad3 exhibited more attenuation in TGF-␤1-induced expression of COX-2 mRNA and protein than knockdown of Smad2 or Smad3 alone ( Figure 5, C and D) . These results indicated that Smad2 and Smad3 were both required for TGF-␤1-induced COX-2 expression and suggested that Smad2 and Smad3 acted differentially and independently in mediating TGF-␤1-induced COX-2 expression in human granulosa cells.
Smad signaling is required for TGF-␤1-induced PGE2 production
PGE2 production has been shown to play a key role in the regulation of ovulation (7, 31) . Thus, it is important to confirm whether TGF-␤1-induced COX-2 expression can contribute to the PGE2 production in SVOG cells. To examine this, SVOG cells were treated with 5 ng/mL TGF-␤1 for 3 and 6 hours, and the levels of PGE2 in the culture medium were examined. As shown in Figure 6A , treatment with TGF-␤1 for 3 and 6 hours induced PGE2 production. In addition, treatment with TGF-␤1 enhanced AREG-, BTC-, and EREG-induced PGE2 production (Figure 6B) . Moreover, treatment with SB431542 abolished TGF-␤1-induced PGE2 production ( Figure 6C ). Knockdown of Smad2 or Smad3 attenuated TGF-␤1-induced PGE2 production in SVOG cells ( Figure 6D ). To further confirm the COX-2 is required for TGF-␤1-induced PGE2 production, COX-2 siRNA was used to knock down the endogenous COX-2. As shown in Figure 6E , COX-2 siRNA not only down-regulated the basal levels of COX-2 but also abolished the TGF-␤1-induced COX-2 protein expression. In addition, TGF-␤1-induced PGE2 productions were attenuated by the knockdown of COX-2 (Figure 6F) . Taken together, these results indicated that Smad signaling is required for TGF-␤1-induced PGE2 production in human granulosa cells.
Discussion
Although it has been well characterized that TGF-␤ superfamily members are expressed in the ovary and regulate many important ovarian functions, the direct involvement of TGF-␤ superfamily members in the regulation of ovulation itself in animals and humans remains largely unknown (12) . Studies in a variety of animal species have demonstrated the key roles of COX-2 and its major derivative PGE2 in the regulation of ovulation (5). However, unlike animal studies, a model for studying the regulation of ovulation in humans is unavailable. In the present study, we used cultured immortalized human granulosa cells to examine the effect of TGF-␤1 on COX-2 expression and PGE2 production. Our results demonstrated that TGF-␤1 treatment induced COX-2 expression and PGE2 production. Treatment with TGF-␤1 activated Smad2 and Smad3 signaling pathways. Moreover, by using siRNAmediated knockdown approaches, our results showed that the activation of Smad2 and Smad3 signaling pathways was required for TGF-␤1-induced COX-2 expression and PGE2 production. These results strongly implicate that TGF-␤1 may act as an important mediator in the regulation of human ovulation. Given the increasing evidence that there is cross talk between the different endocrine and intraovarian signaling systems, it is apparent that all aspects of ovarian function, from steroidogenesis to follicle development, ovulation, corpus luteum formation, and regression, are regulated by multifactorial mechanisms. Our recent study demonstrates that treatment with EGF-like growth factors, AREG, BTC, and EREG, induce COX-2 expression and PGE2 production in human granulosa cells (27) . In the present study, our results showed that treatment with TGF-␤1 enhanced AREG-, BTC-, and EREG-induced and Smad3 were determined by Western blotting using specific antibodies for phosphorylated (activated) forms of Smad2 (p-Smad2) and Smad3 (p-Smad3). Membranes were stripped and reprobed with antibodies to total Smad2 and Smad3. Ctrl, control. B and C, SVOG cells were transfected with a 50 nM control siRNA (si-Ctrl) or a Smad4 siRNA (si-Smad4) for 48 hours and then treated with 5 ng/mL TGF-␤1 for 3 hours. The mRNA (B) and protein (C) levels of COX-2 and Smad4 were examined by RT-qPCR and Western blotting, respectively. The results are expressed as the means Ϯ SEM of at least three independent experiments. Values without a common letter were significantly different (P Ͻ .05).
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COX-2 expression and PGE2 production. Taken together, our studies indicate that cooperation between the EGF-like growth factor and TGF-␤1 may be an important mechanism that regulates ovulation. Immunohistochemical studies in the mouse ovary have demonstrated that TGF-␤1 can be detected in granulosa and theca cells after treatment with pregnant mare serum gonadotrophin plus hCG (32) . The effects of TGF-␤1 on ovulation-related functions have been reported by a few animal studies. In the rat, TGF-␤1 stimulates oocyte maturation in follicle-enclosed oocytes and cumulus-oocyte complexes but not in denuded oocytes (33) . In mouse granulosa cells, TGF-␤1 induces the expression of hyaluronic acid, which has been shown to be involved in cumulus expansion (34) . Intrabursal administration of TGF-␤1 inhibits follicle rupture in gonadotropin-primed mice (35) . Overall, these studies indicate that TGF-␤1 may be involved in the regulation of ovulation through autocrine/ paracrine signaling. In granulosa cells, COX-2 can be regulated by many hormones, growth factors, and cytokines (5). Treatment with hCG to mimic the LH surge induces follicular COX-2 expression prior to ovulation (36) . In addition, GnRH has been shown to induce COX-2 expression in rat granulosa cells of preovulatory follicles (37) . Moreover, IL-1 is able to induce COX-2 expression in both cultured rat and human granulosa cells (38, 39) . In hen granulosa cells, COX-2 expression and prostaglandin production are induced by TGF-␣ but suppressed by TGF-␤1 (40) . Interestingly, two oocyte-derived TGF-␤ superfamily members, GDF9 and BMP15, have been shown to induce COX-2 ex- , a Smad2 siRNA (si-Smad2), or a Smad3 siRNA (si-Smad3) for 48 hours and then treated with 5 ng/mL TGF-␤1 for 3 hours. The mRNA levels (A) and protein levels (B) of COX-2, Smad2, and Smad3 were examined by RT-qPCR and Western blotting, respectively. Ctrl, control. C and D, SVOG cells were transfected with a 50-nM control siRNA (si-Ctrl) or Smad2 plus Smad3 siRNA (si-Smad2ϩ3) for 48 hours and then treated with 5 ng/mL TGF-␤1 for 3 hours. The mRNA levels (C) and protein levels (D) of COX-2, Smad2, and Smad3 were examined by RT-qPCR and Western blotting, respectively. The results are expressed as the means Ϯ SEM of at least three independent experiments. Values without a common letter were significantly different (P Ͻ .05). doi: 10.1210/jc.2013-4100 jcem.endojournals.org E1223 pression in mouse granulosa cells (21, 22) . Given the importance of COX-2 and PGE2 in ovulation, we aimed to investigate the involvement of TGF-␤1 on human ovulation by examining its effect on COX-2 expression and PGE2 production. Our results showed that TGF-␤1 treatment induced COX-2 expression and PGE2 production in cultured human granulosa cells. These results indicate that TGF-␤1 may play an important role in the regulation of human ovulation.
Moreover, the results from our work and previous studies indicate that the effect of TGF-␤1 on COX-2 expression is species dependent. Smads are well-defined signaling molecules that mediate functions induced by TGF-␤ superfamily members (28) . It has been shown that the specific knockout of Smad4 in the mouse ovary leads to multiple defects in ovulation (41, 42) . These animal studies indicate the important roles of Smad signaling pathways and the involvement of the TGF-␤ superfamily members in the regulation of ovulation. In the present study, our results showed that knockdown of Smad4 attenuated TGF-␤1-induced COX-2 expression in human granulosa cells. These results demonstrated that Smad signaling pathways were required for TGF-␤1-induced COX-2 expression and further confirmed the key roles of Smad signaling pathways in the regulation of ovulation-related functions. In granulosa cells, Smad2 and Smad3 have been shown to function redundantly (43) . The knockdown of Smad2 and Smad3 attenuated TGF-␤1-induced COX-2 expression and PGE2 production. These results indicated that Smad2 and Smad3 both mediated TGF-␤1-induced COX-2 expression and PGE2 production in human granulosa cells.
In addition to the canonical pathways that TGF-␤ superfamily members activate, Smad-dependent signaling pathways, several non-Smad signaling cascades such as ERK1/2 and phosphatidylinositol 3-kinase/ Akt can also be activated by TGF-␤ superfamily members (44) . It has been shown that ovulation failure can be observed in Erk1/2-deficient mice (45) . In human granulosa cells, inhibition of ERK1/2 signaling abolishes hCG-induced COX-2 expression (46) . EGF-like growth factors induce COX-2 expression and PGE2 production by activating the ERK1/2 signaling pathway in human granulosa cells (27) . In the current study, it should be noted that the inhibition of Smad signaling did not totally Figure 6 . TGF-␤1 induces PGE2 production in SVOG cells. A-D, SVOG cells were treated with 5 ng/mL TGF-␤1 for 3 and 6 hours (A). SVOG cells were treated with 50 ng/mL AREG, BTC, or EREG alone or in combination with 5 ng/mL TGF-␤1 for 3 hours (B). SVOG cells were treated with 5 ng/mL TGF-␤1 in combination with SB431542 (10 M) for 6 hours (C). SVOG cells were transfected with a 50-nM control siRNA (si-Ctrl), a Smad2 siRNA (si-Smad2), or a Smad3 siRNA (si-Smad3) for 48 hours and then treated with 5 ng/mL TGF-␤1 for 6 hours (D). The levels of PGE2 in culture media were examined by ELISA. Ctrl, control. E, SVOG cells were transfected with a 50-nM control siRNA (si-Ctrl) or a COX-2 siRNA (si-COX-2) for 48 hours and then treated with 5 ng/mL TGF-␤1 for 3 hours. The protein levels of COX-2 were examined by Western blotting. F, SVOG cells were transfected with a 50-nM control siRNA (si-Ctrl) or a COX-2 siRNA (si-COX-2) for 48 hours and then treated with 5 ng/mL TGF-␤1 for 6 hours. The levels of PGE2 in culture media were examined by ELISA. The results are expressed as the means Ϯ SEM of at least three independent experiments. Values without a common letter were significantly different (P Ͻ .05).
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abolish TGF-␤1-induced COX-2 expression and PGE2 production. Thus, future studies are required to examine the involvement of the non-Smad signaling pathways in TGF-␤1-induced COX-2 expression and PGE2 production in human granulosa cells.
In summary, our study demonstrated that TGF-␤1 induced COX-2 expression and PGE2 production in cultured human granulosa cells. Treatment with TGF-␤1 activated Smad2 and Smad3 signaling pathways. Moreover, the inhibition of Smad signaling pathways attenuated TGF-␤1-induced COX-2 expression and PGE2 production. These results indicate that TGF-␤1 plays important roles in the regulation of human ovulation and that it may act through the induction of COX-2 and PGE2. Our results provide important insights into the molecular mechanisms that mediate TGF-␤1-regulated ovulation functions in humans.
